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Proteomics, simply defined, is the study of proteomes.
More completely, proteomics is defined as the study of all
proteins, including their relative abundance, distribution,
posttranslational modifications, functions, and interac-
tions with other macromolecules, in a given cell or organ-
ism within a given environment and at a specific stage in
the cell cycle. Proteins carry out the biological functions
encoded by genes; hence, once the initial stage of genome
sequencing and gene discovery is completed, a study of the
proteome must be undertaken to address fundamental
biological questions. The 3 broad areas are expression
proteomics, which catalogues the relative abundance of
proteins; cell-mapping or cellular proteomics, which delin-
eates functional protein-protein interactions and or-
ganelle-specific protein distribution; and structural
proteomics, which characterizes the 3-dimensional struc-
ture of proteins. With these approaches, proteins are stud-
ied on a global scale using a synergistic combination of
powerful, high-throughput technologies, including 2-di-
mensional polyacrylamide gel electrophoresis, mass spec-
trometry, multidimensional liquid chromatography, and
bioinformatics. Mass spectrometry, which provides highly

Proteomics, a term first coined in 1994, is a somewhat
amorphous term, with an evolving definition. By one

description, it is the study of all protein forms in a given
organism or cell type within a given environment and at a
specific stage of the cell cycle. Such a study comprises the
quantification and characterization of all proteins, includ-
ing the enumeration of all posttranslational modifications
and study of all functional protein-protein interactions.
Traditional questions in science, such as “Which proteins
are present in cells?” “In what abundance?” and “How do
they interact within both signaling pathways and complex
cellular networks to mediate specific cellular functions?”
are now being addressed by a synergistic combination of
powerful, high-throughput technologies, including 2-di-
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ger RNA; MS = mass spectrometry; MS/MS = tandem mass
spectrometry; NRDB = Non-Redundant Database; PAGE =
polyacrylamide gel electrophoresis; PDB = Protein Data
Bank; pI = isoelectric point; PMF = peptide mass fingerprint-
ing; SDS-PAGE = sodium dodecyl sulfate PAGE; TOF = time
of flight; TQ = triple quadrupole; TrEMBL = Translation of
the EMBL Nucleotide Sequence Database

accurate molecular mass measurements, has emerged as
the analytical technology of choice for protein identifica-
tion, characterization, and sequencing. This task has been
made considerably easier with the availability of complete,
nonredundant, and annotated genome sequence databases
for many organisms. This article reviews the area of ex-
pression proteomics.
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mensional (2-D) polyacrylamide gel electrophoresis
(PAGE), liquid chromatography (LC), mass spectrometry
(MS), and bioinformatics.

In general, 3 broad areas of study in the field of
proteomics can be distinguished. The first is termed ex-
pression or abundance proteomics, which catalogues the
relative abundance of specific proteins in a given tissue.
This approach aims to compare patterns of protein expres-
sion in a given tissue under certain conditions, for example,
health and disease or localized and advanced disease. Such
a comparison would potentially yield markers of disease
or its progression and eventually targets for therapeutic
intervention.

The second area is termed cell-mapping or cellular
proteomics, which aims to delineate protein-protein inter-
actions to compile a framework of the complex networks
that constitute intracellular signaling pathways. This aim
will likely have a greater impact than the first because,
given the paucity of human genes (relative to other organ-
isms), it is evident that functional evolution of proteins in
higher eukaryotes has resulted in large part from combina-
torial diversification of intracellular regulatory networks
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mediated through novel protein-protein interactions.1 The
anticipated use of protein microarrays will be a powerful
tool in the study of these diverse interactions.

The third area is termed structural proteomics, which
strives to be able to predict the 3-dimensional structure of
all proteins through a broad sampling of the universal
protein structure space. The premise is that if high-resolu-
tion structures are obtained for a sufficiently large number
of proteins, then essentially all proteins can be modeled on
the basis of a solved structure of a significantly homolo-
gous protein.2 High-resolution structures of proteins are of
obvious biomedical relevance because they define the ac-
tive site and functional domains of proteins and enhance
our overall understanding of structure-function relation-
ships, including enzyme catalysis, protein stability, and
interactions within multimolecular complexes, thus allow-
ing for rational drug design for the treatment of disease
states.

This review focuses on the area of expression or abun-
dance proteomics since such an approach is currently in
widespread use for the comparison of global protein ex-
pression profiles between normal and tumoral or diseased
tissue or before and after treatment with a drug. It also sets
the stage for the introduction and description of several
technologies that are an integral component of current
proteomics research.

GENOMICS TO TRANSCRIPTOMICS
TO PROTEOMICS
Genomics was shown to be feasible after a substantial lag
phase since the initial sequencing of an entire bacterio-
phage in 1982.3 The first use of the term proteome coin-
cided with the publication of the first complete genomic
DNA sequence of a self-replicating, nonparasitic organism
(Haemophilus influenzae in 1995). For several years, DNA
sequencing has progressed considerably. Rapid progress in
determining the complete genome sequence of model or-
ganisms, including the yeast Saccharomyces cerevisiae
(May 1996),4 the nematode Caenorhabtidis elegans (De-
cember 1998),5 the fruitfly Drosophila melanogaster
(March 2000),6 and the plant Arabidopsis thaliana
(December 2000),7 culminated in publication of a work-
ing draft of the human genome sequence in February
2001.1,8 (A central Internet resource for genome projects
representing many organisms is the Web site maintained
by the National Center for Biotechnology Information:
www.ncbi.nlm.nih.gov/Genomes.)

One of the first steps in genomic sequence analysis is
identifying genes. Unfortunately, the quality of gene pre-
diction from genome sequence data using current computa-
tional algorithms is limited. Despite more than 30 genomes
having been sequenced to date, the successful prediction of

genes remains a problem. The larger genome size of higher
vertebrates makes the task of gene discovery even more
difficult. Genome sequencing studies indicate that nearly
all the increase in the average gene size in humans com-
pared with other organisms (such as the fruitfly and worm)
is due to the noncoding sequences, called introns, becom-
ing much longer (coding sequences comprise an average of
5% of the length of a typical human gene).1 The protein
coding regions, termed exons, on the other hand, are
roughly the same size (average length is 1340 base pairs in
humans). The resulting decrease in signal (exon)-to-noise
(intron) ratio in the human genome increases the probabil-
ity of misprediction of genes when computational ab initio
gene-finding algorithms are used. The public International
Human Genome Sequencing Consortium has been conser-
vative in that it has required that exons of genes predicted
by computational strategies be confirmed by demonstrating
significant homology to previously known genes or protein
sequences.1 In this regard, analysis of DNA sequences that
are expressed in cells (represented in complementary DNA
[cDNA] or expressed sequence tag [EST] libraries) and
proteins from humans and other organisms provide a pow-
erful resource for the prediction of genes. Such approaches,
however, are not helpful in the identification and discovery
of thousands of human genes that produce non-(protein)
coding RNAs (such as transfer RNAs, ribosomal RNAs,
small nuclear and nucleolar RNAs). Spurious prediction
may also pose a problem with such an approach. It appears
that nongene DNA sequences are transcribed frequently.9

These transcripts either cannot be translated into a func-
tioning protein or encode for proteins that are nonfunc-
tional and consequently degraded rapidly.

A surprising finding has been the relative paucity of
genes in the human genome, probably between 30,000 and
60,000, only about twice the number found in other organ-
isms, such as the fruitfly D melanogaster, the worm C
elegans, or the plant A thaliana.1,8 The phenomenon of
alternative splicing of messenger RNA (mRNA) appears to
be more prevalent in humans than in other species.1 In other
words, there are often many more ways in which a gene’s
protein coding regions (exons) can be joined to create a
functional mRNA molecule, ready to be translated into
protein. Alignment of ESTs to the working draft sequence
suggests that 60% of human genes have multiple splicing
variants.1

Also, there are numerous ways in which eukaryotic
proteins can be posttranslationally modified. This implies
that more protein isoforms are encoded per gene in humans
than in other species. In other words, more proteins com-
prise a proteome than genes a genome. This constitutes a
substantial departure from the central tenet of “one gene,
one protein.” Individual proteins are composed of discrete
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structural units called domains, which have critical func-
tional or structural roles and are thus stringently conserved
during evolution. Although most domains and motifs in
human proteins are also present in proteins from other
organisms (only an estimated 7% are vertebrate specific),
they have been shuffled to create many more different
combinatorial arrangements (an estimated 2-5 times as
many) in humans.1,8 This combinatorial diversification is
most prominent in the evolution of novel extracellular and
transmembrane protein architectures.1

Thus, vertebrate evolution from invertebrates appears to
have required the invention of few new domains. These
observations imply that comparative genomics is likely to
prove a powerful tool in the gene prediction toolbox.10 The
comparison of conserved sequences between human and
other vertebrate genomes (or between other closely related
genomes) will allow for the detection of novel genes, even
when their function is unknown in either species. Sequenc-
ing of the mouse, zebrafish, pufferfish, and other genomes
holds great promise for the utility of comparative genomics
in gene prediction.

Within all cells, DNA is a relatively stable, heritable
informational molecule. In fact, the molecular machinery
of cells is geared toward maintaining the integrity of DNA
in the face of various intrinsic and extrinsic insults. Hence,
the mere presence of a gene within a cell reveals little about
its functional competence. In other words, whether and
when a particular gene is transcribed and translated, at what
rate, under which specific circumstance, and its functional
consequence(s) remain undetermined from studies at the
level of genomic sequence. Additionally, many genes are
pseudogenes that are no longer expressed in cells. Once the
initial stage of genome sequencing and gene discovery is
completed, attention must be focused on gene expression
and the functions of the proteins they encode. Such ques-
tions, which lie at the heart of what is now termed func-
tional genomics, must be answered downstream to the level
of DNA sequence (ie, at the level of gene-encoded mRNA
transcripts and proteins).

The study of gene expression can be undertaken at the
level of mRNA transcripts. Transcriptomics, the study of
the complete set of cellular transcripts under defined condi-
tions, represents the second major area of genome science
analysis. (Specific instruments and techniques have been
detailed previously.11,12) Technologies such as cDNA and
oligonucleotide microarrays exist that facilitate the paral-
lel, quantitative analysis of the expression of thousands of
genes.

Such an experimental approach, however, also has in-
herent limitations, which include the following:

1. Sensitivity: Weakly expressed, low–copy number
mRNA transcripts may not be detected. This has implica-

tions for the choice of array platform (eg, fluorescent or
radioactivity based).

2. Specificity: Discrimination between alternatively
spliced or closely related (highly homologous) transcripts
may be difficult (particularly with cDNA microarrays).

3. Quantitative: It may be difficult to achieve equally
high stringency of hybridization across the entire high-
density array.

These limitations demand a post hoc confirmation of
experimental results. Large-scale microarray experiments
frequently serve as an initial “hypothesis generation” step.
Given the statistical challenges in distinguishing low-mag-
nitude (less than 2-fold) changes in gene expression from
random chance, corroborating experiments (frequently at
the protein level, eg, immunoblotting or other proteomic
approaches) are usually necessary to establish the biologi-
cal importance of these observed changes.

The fundamental issue, however, is whether the study of
transcriptomes represents the ultimate complement of
genomics for the analysis of gene function. If the abun-
dance and activity of the end product of genes (ie, proteins)
are determined exclusively or primarily by regulatory events
at the level of gene expression, then transcriptomics would
represent an optimal approach for the study of functional
genomics. However, this clearly is not the case, and it is now
generally agreed that analyses undertaken at the level of
proteins are necessary for the following reasons.

First, there is poor correlation between mRNA abun-
dance and corresponding protein levels13,14 (correlation fac-
tor of about 0.4). This implies that protein levels cannot
simply be predicted from corresponding mRNA levels.

Second, virtually all eukaryotic proteins undergo post-
translational modification(s). These modifications, which
potentially have enormous functional consequences, can-
not always be predicted from gene sequences.

Third, the translocation of protein from its site of syn-
thesis to the site of activity cannot always be deduced from
sequence data.

Fourth, protein function cannot always be reliably pre-
dicted from sequence information.

The term proteome was first proposed in 1994 at the
Siena 2-D Electrophoresis meeting to depict the protein
complement of a genome. In the complex interplay of
molecular events that lead from gene activation to the
synthesis of functionally competent protein, the proteome
represents the end product of the genome. Although the
cellular genome is relatively constant, the proteome is in
constant flux. The global protein complement of a given
cell varies with changes in the physiological state of the
cell and its ambient environment. These changes include
activation of specific cellular signaling pathways, position
in the cell cycle, and drug exposure. Moreover, different



Primer on Medical Genomics Part IV Mayo Clin Proc, November 2002, Vol 771188

Table 1. Summary of the Advantages and Disadvantages of Select Methods*

Method Advantages Disadvantages

2-D PAGE Theoretically may resolve up to 10,000 cellular Labor and time intensive; inherent run-to-run
proteins; considerable commercial support for variability; limited dynamic range; biased toward
2-D PAGE systems is available display of cytosolic and hydrophilic proteins

MALDI-TOF MS Spectra are relatively simple to interpret; large Success of PMF depends on access to complete,
(for PMF) mass range; high sensitivity; low sensitivity to nonredundant, and annotated DNA sequence

salts and other contaminants databases; PMF may fail because of unanticipated
peptide posttranslational or artifactual modifications,
or nonspecific proteolysis

MS/MS (for peptide Derived peptide sequence tags facilitate accurate Sequence-specific peptide fragmentation spectra may
(fragmentation) and large-scale protein identification be difficult to interpret; success depends on access

to complete, nonredundant, and annotated DNA
sequence databases

LC-MS/MS Complex peptide mixtures can be analyzed; As listed for MS/MS
high-throughput analysis is possible

*2-D PAGE = 2-dimensional polyacrylamide gel electrophoresis; LC = liquid chromatography; MALDI-TOF = matrix-assisted laser
desorption ionization time of flight; MS = mass spectrometry; MS/MS =  tandem MS; PMF = peptide mass fingerprinting.

cell types within a multicellular organism will have differ-
ent proteomes. Although the proteome of a given cell at any
moment represents only the expression of part of the ge-
nome, proteomes are complex.

Although the basic building blocks of DNA (the 4
nucleotides) are relatively homogeneous in terms of their
chemical composition, the comparable protein components
are far more complex (22 unmodified15 and many more
modified amino acids for proteins). Similarly, DNA struc-
ture is relatively homogeneous compared with the incred-
ibly broad diversity of protein structures. Additionally,
genes can be variably spliced, mRNA editing occurs com-
monly, and almost all eukaryotic proteins are cotrans-
lationally and/or posttranslationally modified in a variety
of ways. This complexity explains why proteomics must be
considered a science as large-scale as genomics, if not even
more so. An additional level of complexity in proteome
research exists because of the absence of technologies,
such as polymerase chain reaction and cloning, that facili-
tate the amplification and separation of biological macro-
molecules of interest. These are crucial components of any
large-scale analytic process and are not easily achieved for
protein analysis.

Thus, protein analysis and defining a cell’s proteome are
challenging endeavors. It is intuitively obvious that a truly
holistic approach toward analysis of basic biological ques-
tions will use a method that studies molecular events com-
prehensively at the level of the genome, transcriptome, and
proteome.

PROTEOME ANALYSIS
Ideally, proteome analysis (proteomics) should character-
ize and quantify all proteins in a specific cell type under a
specific set of environmental conditions, including all post-

translational modifications. Currently, the combination of
2-D PAGE and MS comes closest to realizing this goal in
the real world, although complementary methods based on
LC have been developed. Protein microarrays similar to
gene arrays promise a new approach (and tool) in proteome
analysis. Such a large-scale analysis involves the steps of
initial protein separation and subsequent protein character-
ization. The pros and cons of select methods are summa-
rized in Table 1.

Protein Separation
Since its initial description more than 25 years ago,16-18

protein separation has traditionally been achieved using 2-
D PAGE, wherein separation according to charge (isoelec-
tric point [pI]) is followed by separation according to mo-
lecular mass (Figure 1). Several important advances, in-
cluding the introduction of immobilized pH gradients
(IPGs) in the 1980s,20,21 which produce stable and repro-
ducible pH gradients for first-dimension separation, have
made it possible to resolve complex protein mixtures in
a reproducible manner. Additional advances include the
following.

The first advance is the development of newer cocktails
that enhance solubilization of membrane and other hydro-
phobic proteins,22 which were previously poorly resolved
(only approximately 1% of integral membrane proteins
were conventionally resolved).23

The second advance is an increased resolution of pro-
teins in complex mixtures with the use of narrow pI-range
(“zoom”) gels that cover narrow pH ranges (usually 1 pH
unit).24,25 This facilitates visualization of a smaller but more
detailed window of the proteome. With the use of overlap-
ping narrow-gradient gels, it is possible to resolve more
than 10,000 proteins from a higher eukaryotic cell lysate.26
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Figure 1. Two-dimensional polyacrylamide gel electrophoresis
(2-D PAGE). Top, In 2-D PAGE, protein extracts are applied to
the center of an isoelectric focusing strip and allowed to diffuse
along the ionic gradient to equilibrium. The strip is then applied to
a sodium dodecyl sulfate (SDS) gel, in which electrophoresis in
the second dimension separates proteins into “spots” according to
molecular mass. The size of each spot is proportional to the
amount of protein. Bottom, A partially annotated human lym-
phoma 2-D gel from the ExPASy (Expert Protein Analysis Sys-
tem; www.expasy.org/) database. Reprinted with permission
from Gibson and Muse.19

The third advance is the development of fluorescent
protein dyes (eg, Sypro ruby, red, and orange)27 that have
comparable sensitivity (nanogram range) to silver stain28

(probably the most popular and sensitive nonradioactive
protein detection stain) and a larger dynamic range (>104)
in protein visualization. These fluorescent dyes are also
compatible with downstream MS analyses.

The fourth advance is the availability of proprietary 2-D
image analysis software that allows large-scale compari-
sons of differential protein expression by tracking the nu-
merous protein spots in sets of comparative 2-D gels.

The fifth advance is the automation and high-throughput
analysis of protein expression.29 Although the commercial
support for 2-D PAGE systems is substantial and equip-
ment is available to run several large-format gels in paral-
lel, this approach is cumbersome, and 2-D image analysis,
spot excision, protein digestion, and protein extraction can
hinder the throughput of the whole process.

Two-dimensional PAGE has several limitations.30,31 It
produces a snapshot of a cell, the quality and biological
relevance of which reflects the upfront experimental design
and sample preparation. For example, if 2-D PAGE maps
from primary and metastatic tumor tissue are compared to
identify proteins whose abundance varies with tumor pro-
gression, it is necessary to consider differences arising
from patient-to-patient heterogeneity and the multiplicity
of cell types that exist within the tumor. Sample prepara-
tion is a critical step in 2-D PAGE, and in attempting to
compare relative protein abundance in 2 samples, standard-
ization of sample preparation protocols and loading of
comparable amounts of sample across comparison sets are
important considerations.

In addition, 2-D gels exhibit inherent run-to-run variabil-
ity in the observed pattern of protein spots. This complicates
the comparative analyses of 2-D gels, particularly between
laboratories and with archived images in 2-D databases.

Moreover, 2-D analysis has a limited dynamic range,
and low–copy number proteins are visualized rarely. It is
estimated that the dynamic range of silver-stained gels is 3
orders of magnitude. This is seriously limiting, considering
the actual dynamic range of intracellular proteins is about 7
to 8 orders of magnitude.32 Thus, low-abundance proteins
tend to be poorly represented in 2-D gels. Increasing the
protein load in an attempt to visualize and identify low-
abundance proteins has not proved to be a successful strat-
egy because the load capacity of the gels (IPG strips) is
frequently exceeded, and consequently a poor resolution of
proteins is obtained.

Finally, most 2-D gel analyses of cell extracts are selec-
tively biased toward primarily cytosolic and hydrophilic
proteins. This results from nonstoichiometric extraction of
proteins from cells. Hydrophobic or membrane proteins,

low-abundance proteins, proteins whose pI values are at
the extremities of pH gradients (very acidic or basic pro-
teins), and proteins sequestered in organelles tend to be
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poorly represented in 2-D PAGE gels relative to their abun-
dance within cells.

Protein Identification and Characterization:
Correlating MS Data With Sequence Databases

A traditional approach toward characterization of pro-
tein structure and function has been to clone the gene
encoding for the protein. This is accomplished by determi-
nation of partial protein sequence by de novo N-terminal
sequencing (Edman degradation),33 which facilitates the
synthesis of degenerate oligonucleotide primers as a means
to screen appropriate cDNA libraries. However, for those
species for which the complete genome has been se-
quenced, protein identification is potentially more straight-
forward because essentially all possible protein sequences
are represented in the genomic sequence database. Another
source of extensive nucleotide sequence information is the
result of EST sequencing efforts. The ESTs are short se-
quences of 250 to 400 base pairs generated by random
single-pass sequencing of cDNA libraries. Given the ac-
cess to extensive nucleotide sequence information cur-
rently available, all potential protein sequences in a given
organism can be deduced from 6-way translations of the

nucleotide sequence. Protein identification then, in large
part, involves the matching of experimentally derived pro-
tein attributes, such as pI, molecular mass, and amino acid
sequence, against those predicted from the translation of
genomic or cDNA sequences in databases. Software pro-
grams generate a list of protein entries, ordered by a score
that reflects the fit between theoretical and experimental
parameters.

An analytical technique that can provide highly accurate
molecular mass measurements of molecules or their com-
ponent fragments, MS is now firmly established as the
method of choice for protein identification and character-
ization. (Specific instruments and techniques have been
discussed previously.34-43) In addition, MS is continuing to
evolve rapidly in terms of its sensitivity (femtomole), accu-
racy (sub-10 ppm), and diversification into an array of
technologies adapted to specific applications in protein
identification and characterization.

A mass spectrophotometer consists of 3 components:
(1) an ionization source, (2) a mass analyzer, and (3) a
detector. Mass spectral analysis requires that the analyte be
introduced into the mass spectrometer as a gaseous ion.
Two “soft” ionization methods that convert large biologi-
cal polymers (>10,000 kd) into gaseous ions were intro-
duced a decade ago. The first, matrix-assisted laser desorp-
tion ionization MS (MALDI-MS),44,45 generates ions from
solid-phase samples, whereas the second, electrospray
ionization MS (ESI-MS),46,47 generates ions from liquid-
phase samples, usually following elution off a chromatog-
raphy column that separates complex protein mixtures.
Commonly used mass analyzers are a flight tube or time
of flight (TOF) and a quadrupole. Although various com-
binations of ionization sources and mass analyzers are
possible, the most common are MALDI-TOF MS (Figure
2), ESI-TQ (triple quadrupole) MS (Figure 3), and ESI-
TOF MS.

Two types of MS data have been used for protein identi-
fication by matching experimental attributes with those
predicted from sequence databases: (1) the accurate mass
of peptides (within 5-ppm resolution) derived by the se-
quence-specific proteolysis of the target protein (peptide
mass fingerprinting [PMF]) and (2) MS fragmentation
spectra (primarily y and b ions) allowing for de novo
peptide sequencing.

The technique of PMF, currently the most common
method used to identify proteins in a high-throughput envi-
ronment, was described independently by several groups in
1993.49-52 It can be summarized (Figure 4) as follows.

As a first step, the protein(s) of interest is isolated (by 2-
D PAGE) and cleaved either in gel or on membranes by
specific enzymatic or chemical methods. A commonly
used enzyme is trypsin that cleaves only at the C-terminal

Figure 2. Schematic diagram of a matrix-assisted laser desorption
ionization (MALDI) time-of-flight (TOF) mass spectrometer.
Microliter quantities of liquid samples are mixed with a matrix
molecule and dried onto a stainless steel or gold-plated target. A
pulsing laser is used to irradiate the matrix-embedded sample.
This creates molecular ions that are accelerated by an electric
field that exists between the sample target and grid. Ions then
enter a field-free flight tube with a velocity essentially propor-
tional to their mass, and their TOF in this tube is measured at the
linear detector. Small ions fly faster than larger ions, and their
mass-to-charge (m/z) ratios can be calculated from their flight
time by using compounds of known mass as calibrants. To in-
crease mass resolution, some MALDI instruments have an ion
reflector. This turns ions around in an electric field, sending them
toward a second detector. IR = infrared. Reprinted with permis-
sion from Wilkins and Gooley.48



Mayo Clin Proc, November 2002, Vol 77 Primer on Medical Genomics Part IV 1191

side of arginine or lysine. Next, masses of resulting pep-
tides, which correspond to the specific amino acid se-
quence of an individual protein, are measured at high reso-
lution and mass accuracy in a mass spectrometer. Although
the spectrophotometric technique of choice for measuring
peptide masses is debatable, MALDI-TOF MS is emerging
as the best alternative for rapid screening. Finally, a
nonredundant protein or translated nucleotide sequence da-
tabase is screened, and a list of theoretical peptide masses is
generated for every protein by cleaving it in the manner of
the experimentally used enzyme (eg, trypsin). A ranking or
score is then calculated to provide a measure of the fit
between the observed and predicted peptide masses. The
correct identification of an unknown protein is likely to be
that candidate with the largest number of peptide “hits.”
Confidence in protein identification is derived from a high
spread in scores when the top-ranked protein is compared
with secondary matches.

Although PMF is a powerful tool for rapid and sensitive
protein identification, analysis of the results of PMF ex-
periments may not always be straightforward. In many
cases there are orphan peptide masses that do not match up
with peptide masses predicted from the highest-ranked
candidate protein(s). The success of PMF experiments is
maximized when peptide masses are computed by using
full-length protein or gene databases (vs short-sequence
EST databases) and when high peptide mass accuracy is
available. The probability of accurate protein identifica-
tion is highest when additional attributes, other than ex-
perimental peptide masses and the proteinase used to
digest the proteins, are specified to constrain the search
algorithm. These optional attributes may include the fol-
lowing information: species of origin, molecular weight
and/or pI of the protein, known posttranslational (eg,
phosphorylation) or potential artifactual modifications
(such as oxidation of methionines), protein N- and C-
terminal sequence tags, and amino acid composition. The
minimum number of matching peptides required for a
protein to be suggested as a possible match may also be
specified as a parameter. Additional methods that in-
crease the information content of individual peptides (or-
thogonal approaches that include chemical modification
of peptides, such as esterification and hydrogen-deute-
rium exchange) can also be used. When sample informa-
tion, which is made available to the search algorithm, is
maximized, the search space is reduced proportionally,
thereby decreasing the number of candidate proteins and
decreasing the probability of false matches. However, one
must be careful not to miss the correct protein by overly
constraining the search space.

Most proteins from higher eukaryotes undergo cotrans-
lational and/or posttranslational modifications. These in-

clude the addition or removal of simple chemical groups
(eg, hydroxyl-, phosphoryl-, carboxyl-) or a cleavage pro-
cess (eg, signal sequences, propeptides, initiator methio-
nines) or the addition of more complex moieties, such as
sugars and lipids. In these situations, peptide masses that
are computationally predicted by using nonannotated ge-
nome sequence databases often fail to match the experi-
mentally determined peptide masses. Furthermore, such a
matching of peptide masses may fail because of nonspe-
cific proteolysis of the sample, cleavage by a contaminat-
ing protease, or contamination of the protein under study
by other proteins. Such errors that may arise during sample
processing also need to be considered. Rarely, peptide
matching may fail if a truly novel protein has been isolated.
Fortunately, powerful and comprehensive software tools
for the discovery of protein posttranslational modifica-
tions and identification of possible peptides that have re-
sulted from nonspecific chemical or enzymatic cleavage of
proteins are now available online (http://us.expasy.org
/tools/#ptm).

MALDI-TOF MS is emerging as the best alternative for
rapid screening of peptides for PMF.53 There are many
reasons for this.

First, MALDI-TOF MS produces singly charged ions
(ie, each peptide carries only 1 charge and hence generates
only 1 peak in the spectrum). This makes MALDI-TOF MS
data relatively easy to interpret.

Second, MALDI-TOF MS has a large mass range (500-
600 d up to a few hundred thousand daltons). Thus, it is
capable of analyzing whole proteins and other polymers.

Third, MALDI-TOF MS has a short analysis time, high
sensitivity (50-100 fmol range, such that a fraction of a
Coomassie blue–stained spot from a gel is sufficient mate-

Figure 3. Schematic diagram of electrospray ionization mass
spectrometer, in this case a triple quadrupole mass spectrometer
equipped with an electrospray ion source. Peptide ions are intro-
duced initially via the electrospray source into the first quadru-
pole, where peptide masses can be measured. If desired, chosen
ions can then be sent to the second quadrupole for fragmentation
by collision with an inert gas (nitrogen [N

2
]). The mass of frag-

mentation products can then be measured in the third quadrupole.
Reprinted with permission from Wilkins and Gooley.48
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rial for analysis), and high mass accuracy (<30 ppm) as
well as high resolution of peptides, which allows stringent
mass constraints to be specified for PMF.54

Finally, MALDI-TOF MS displays low sensitivity to
salts and other contaminants, which allows peptides taken
from in-gel or on-membrane digests to be analyzed directly.

Several software tools are available to identify proteins
using PMF. These programs generate a list of protein en-
tries, ordered by a scoring system that reflects the fit be-
tween theoretical and experimental parameters.

Peptide mass value is the only attribute by which PMF
characterizes each peptide. By itself, however, a mass
value has little informational content about the peptide
sequence. Protein identification by PMF, which strongly
depends on access to complete and nonredundant (DNA,

EST, or protein) databases, may fail to identify candidate
proteins because of the limited availability of such data for
some species. Additional reasons for failure include
searches against extremely large sequence databases or if
peptides have posttranslational or artifactual modifica-
tions.55,56 For such samples, additional information is nec-
essary for unambiguous protein identification.

Fragmentation of peptide ions by MS provides exten-
sive amino acid sequence–specific information of the pro-
tein to enable identification by searching against protein
sequence databases. One approach is tandem MS (MS/
MS), in which peptide fragmentation (Figure 5, left) is
achieved by collision-induced dissociation (CID) accom-
plished by ESI-TQ MS (Figure 3) or by ion-trap MS/MS.
The informational content of a CID spectrum in an MS/MS

Figure 4. Peptide mass fingerprinting. A, Proteins isolated from a 2-dimensional polyacrylamide gel
electrophoresis gel or chromatography column are digested by trypsin into short peptide fragments. B,
Fragments are separated by matrix-assisted laser desorption ionization time-of-flight mass spectrom-
etry. C, Matching of profiles of multiple peptides in the observed mass spectrum with all the predicted
peptide fragments for every predicted protein allows protein identification. m/z = mass-to-charge ratio.
Reprinted with permission from Gibson and Muse.19
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experiment is essentially a plot of the frequency of peptide
fragmentation (residue mass weights of a parent peptide
ion in the form of smaller ion fragments, primarily y and b
ions). These spectra can provide rapid and unambiguous
identification of a peptide from sequence databases be-
cause of the complementary and redundant nature of data
present in such spectra.

Automated computational algorithms similar to those
for PMF can be used to search protein or translated nucle-
otide sequence databases with uninterpreted CID MS/MS
spectra that are derived experimentally.57,58 Initially, all
proteins contained in a database are theoretically digested
to find parent peaks. Next, the theoretical parent peptides
are computationally fragmented (into y and b ion spectra),
and the experimental, uninterpreted CID MS/MS spectra
are compared with the theoretical spectra. Similar to PMF,
a scoring system is then used to reflect the degree of fit
between theoretical and experimental spectra. The results
of comparison of MS/MS fragmentation spectra can be
improved by combining these data with peptide sequence
tags. The identification of proteins with MS/MS is a power-
ful technique, especially for protein mixtures.59

Frequently (for a variety of reasons previously dis-
cussed) a protein will remain unidentified through data-
base matching strategies even when high-quality, experi-
mentally derived MS/MS spectra are available. In such a
situation, an alternative is de novo interpretation of experi-
mental MS/MS spectra; ionic fragments resulting from
peptide fragmentation produce a ladder of peptides, in
which the mass difference between ionic fragments corre-
sponds to specific amino acids (Figure 5, right). Peptide
fragmentation, which can be controlled precisely by CID
in an ESI-TQ MS instrument (Figure 3), generates a series
of ions from which sequence can be deduced. A few
residues of sequence obtained from a CID spectrum,
called a peptide sequence tag, combined with peptide
parent ion mass may be sufficient to identify a protein.58,60

However, the interpretation of MS/MS spectra is not al-
ways simple, and it is rare that complete peptide se-
quences can be deduced de novo from such spectra. In
many cases, data from a single MS/MS spectrum may be
insufficient to determine unambiguously the peptide se-
quence, and additional methods, such as fragmentation of
specifically derivatized peptides, may assist in de novo
sequencing in such situations.

DATABASES RELEVANT TO PROTEOME RESEARCH
A vast number of general or specialized proteome data-
bases are available to researchers throughout the world.61-63

Current computational and network technologies allow this
vast amount of biological data to be integrated and ex-
tracted efficiently. This section describes a few selected

databases relevant to proteome research to provide a
glimpse into the kind of information available at such
sources. Database descriptions are abstracted from the ap-
propriate Web sites in most cases, for example, SWISS-
PROT (www.expasy.org/),64 TrEMBL (Translation of the
EMBL [European Molecular Biology Laboratory] Nucle-
otide Sequence Database) (www.expasy.org/),64 NRDB
(Non-Redundant Database) (www.ncbi.nlm.nih.gov/),
GenBank (http://ncbi.nlm.nih.gov/Genbank/), PROSITE
(http://us.expasy.org/prosite/), 2-D PAGE databases, and
3-dimensional structure databases.

SWISS-PROT
The first molecular biology World Wide Web server,

called ExPASy (Expert Protein Analysis System), allows
queries to the SWISS-PROT database, which is the major
database for curated protein sequences. This database dis-
tinguishes itself from other protein sequence databases by 3
separate criteria.

The first criterion is annotation. For each sequence en-
try, the annotation describes many features, including the
function(s) of the protein, posttranslational modification(s),
domains and sites, secondary and quaternary structure, simi-
larities to other proteins, disease(s) associated with deficien-
cies in the protein, sequence conflicts, and variants.

The second criterion is minimal redundancy. Many se-
quence databases contain, for a given protein sequence,
separate entries that correspond to different literature re-
ports. In SWISS-PROT, all these data are merged to mini-
mize the redundancy of the database.

The third criterion is integration with other databases.
SWISS-PROT is currently cross-referenced with approxi-
mately 60 different databases. Currently, SWISS-PROT
(release 40.12, March 5, 2002) has 105,967 entries.

TrEMBL
The TrEMBL database, available through the ExPASy

server, supplements SWISS-PROT and can be considered a
preliminary repository in which protein sequences derived
by the translation of coding regions in the EMBL Nucle-
otide Sequence Database are stored before being manually
annotated and moved to the main SWISS-PROT database.

NRDB
The NRDB is maintained by the National Center for

Biotechnology Information. Strictly speaking, its entries
are nonidentical but highly redundant, given the relatively
primitive exclusion criteria for its entries. For example,
multiple entries exist for a single protein when these entries
differ due to sequencing errors and/or polymorphisms.
These features limit the usefulness of NRDB and similar
databases, such as OWL.
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GenBank
GenBank is the National Institutes of Health genetic

sequence database, an annotated collection of all publicly
available DNA sequences. Sequence entries to this data-
base are the responsibility of submitting researchers, and
since this is a noncurated database, it is highly redundant.
GenBank continues to grow at an exponential rate, with the
number of nucleotide bases doubling approximately every
14 months. Currently, GenBank contains more than 17
billion bases from more than 100,000 species.

Figure 5. Top, Peptide fragmentation by tandem mass spectrom-
etry. This figure shows how a peptide of 3 amino acids can
fragment into a series of daughter ions. Fragmentation at the
peptide bonds will produce b series ions if the peptide charge
remains at the peptide N-terminus or y series ions if the charge
remains at the C-terminus. Only the charged portion of the peptide
will be detected after fragmentation. Other peptide fragmentations
(not shown) can also occur. Bottom, De novo peptide sequencing.
Peptide fragmentation is most useful when the ionic fragments
produce a ladder of peptides, in which the mass difference between
each peptide (arrows and values) corresponds exactly to that of a
certain amino acid. In this manner, partial sequence of a peptide can
be read. In this schematic diagram, a sequence of AFTG (alanine,
phenylalanine, threonine, glycine) is present. Peptide 5 would have
been the peptide XXAFTG, peptide 4 XXAFT, peptide 3 XXAF,
peptide 2 XXA, and peptide 1 XX. Ala = amino acid alanine; Gly =
glycine; Phe = phenylalanine; Thr = threonine. Reprinted with
permission from Wilkins and Gooley.48

PROSITE
PROSITE is a database of protein families and domains.

It is based on the observation that, even though there is a
huge number of different proteins, most of them can be
grouped on the basis of similarities in their sequences into a
limited number of families. By analyzing the constant and
variable properties of such groups of similar sequences, it
is possible to derive a signature for a protein family or
domain that distinguishes its members from all other unre-
lated proteins. A protein signature can be used to assign a
newly sequenced protein to a specific family of proteins
and thus to formulate hypotheses about its function.
PROSITE currently contains patterns and profiles specific
for more than a thousand protein families or domains.

Other related databases that use alternative pattern rec-
ognition algorithms to group proteins into domains or fami-
lies, and hence infer function, include PFAM, BLOCKS,
ProDom, PRINTS, and InterPro.

The 2-D PAGE Databases
SWISS-2DPAGE (http://us.expasy.org/ch2d/) is an an-

notated 2-D PAGE and sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis (SDS-PAGE) database. The
SWISS-2DPAGE database assembles data on proteins
identified on various 2-D PAGE and SDS-PAGE maps. In
addition to textual data, SWISS-2DPAGE provides several
2-D PAGE and SDS-PAGE images that show the experi-
mentally determined location of the protein. Cross-refer-
ences are provided to MEDLINE and other federated 2-D
databases (eg, COMPLUYEAST-2DPAGE, ECO2DBASE,
and Siena-2DPAGE ) and to SWISS-PROT, which provides
many links to other molecular databases.

The 3-Dimensional Structure Databases
The Research Collaboration for Structural Bioin-

formatics Consortium maintains the Protein Data Bank
(PDB) (www.rcsb.org/pdb/) database, the single world-
wide archive of structural data of biological macromol-
ecules, including proteins and nucleic acids. At last avail-
able update (April 23, 2002), there were 17,902 structures
deposited in PDB. A variety of information associated
with each structure is available, including sequence de-
tails, atomic coordinates, crystallization conditions, 3-
dimensional structure neighbors computed using various
methods, derived geometric data, structure factors, 3-
dimensional images, and a variety of links to other
resources.

CLINICAL EXAMPLE
We recently reported the efficacy of imatinib mesylate
(Gleevec in the United States [Novartis]), an orally bio-
available inhibitor of specific tyrosine-kinases, for the
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